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Abstract-Experimental investigations are made to study the convective phenomena of an initially stratified 
salt-water solution due to bottom heating in a uniformly rotating cylindrical cavity. Three types of global 
flow patterns initially appear depending on the effective Rayleigh number (Ra,,) and Taylor number (Ta) : 
stagnant flow regime, single mixed layer flow regime and multiple mixed layer flow regime. The number of 
layers at its initial stage and the growth height of the mixed layer decreases as Tu increases for the same 
Ra,. It is ascertained in the rotating case that the fluctuation of interface between layers is weakened, the 
growth rate oFmixed layer is retarded and the shape of interface is more regular compared to the stationary 

case. 0 1997 Elsevier Science Ltd. 

1. INTRODUCTION 

Double-diffusive natural convection occurs when sim- 
ultaneous heat and species transfer with different 
diffusivity establishes temperature and concentration 
gradients that determines the density distribution 
within a fluid. It frequently occurs in oceans, magma 
chambers, as well as in many engineering applications 
such as solar ponds. liquid gas storages, transpiration 
cooling, crystal growth and metal solidification pro- 
cesses. 

As pointed out by Ostrach [l], various convection 
modes can exist, depending on how temperature and 
concentration gradllents are oriented relative to one 
another. Early double-diffusive works were performed 
for vertical temperature and concentration gradients 
to explain some unusual oceanographical phenomena 
[2]. Later investigations considered initially solute- 
stratified fluids that are heated (cooled) from vertical 
enclosure walls [3-511. The formation, interaction and 
merging of convective layers were observed due to the 
significant difference in diffusivities of heat and mass. 
Recently, double di.ffusion induced by simultaneously 
imposed horizontal1 temperature and concentration 
differences have been considered [l&13]. Most 
recently, mechanisms responsible for high-frequency 
oscillatory double-diffusive convection have been dis- 
cussed [13-l 61. 

The problem of heating from below on a stratified 
fluid was initiated with the study on the mechanism 

of multiple layered flow structures. It was of interest 
to ascertain the mechanism responsible for the genesis 
and maintenance of a layered flow structure. In this 
case, double-diffusive layers may be formed suc- 
cessively from the bottom layer [ 17-201 and the mixed 
layer moves upwards by the energy balance of eddies 
[21]. It was also examined that the secondary layer 
grew with time and final thickness of all layers were 
almost equal [22]. 

The effect of rotation often plays very important 
role in many transport processes such as oceanic and 
atmospheric flow and crystal growth. In many prac- 
tical engineering applications of materials processing, 
the entire system rotates steadily about a vertical axis 
[23-261. In spite of its importance, most probably due 
to the difficulty of experiment, previous studies were 
mostly concentrated on stationary systems. The effect 
of rotation on a salt fingering interface between two 
mixed layers was experimentally studied [23] and the 
effect of rotation on the linear stability of an 
unbounded region of a stratified fluid has been ana- 
lyzed [25]. 

In this paper, an attempt is made to study exper- 
imentally double diffusion in an initially solute-strati- 
fied liquid, housed within a uniformly rotating cyl- 
inder with heating from below. Particular attention is 
made to the flow configurations which give rise to 
double-diffusive convective motions under the effect 
of rotation. 
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NOMENCLATURE 

Ar aspect ratio, H/D Ta Taylor number, 4Q2H4/v2 
D diameter of cylinder AT temperature difference 
9 gravitational acceleration Z axial coordinate. 
H height of cylinder 
Le Lewis number, K/K~ Greek symbols 
Ras solutal Rayleigh number, g ccsAS ET coefficient of thermal expansion 

H311csv Es coefficient of solutal expansion 
& thermal Rayleigh number, g cr,AT ? reference height, - CI~ AT/a, (dS/dz) 

H’/Kv K thermal diffusivity 
R% effective Rayleigh number, g cr,AT KS solutal diffusivity 

‘13/‘c’ 
AS concentration difference ; 

kinematic viscosity 
angular velocity. 

2. EXPERIMENTS 

The experimental apparatus is schematically shown 
in Fig. 1. The test section is a vertically standing trans- 
parent acrylic cylinder with 10 mm outer wall thick- 
ness and 100 mm inner diameter and height. The top 
and bottom walls of the test section are made of alumi- 
num plates for the constant temperature condition. 
Two reservoirs are attached to the top and bottom 
plates to keep it at different, but constant tempera- 
tures. 

In the test section, two constant temperature baths 
and a computer are laid on the rotating table. The 
rotating rate of the table is controlled by an inverter 
and a power slip ring is installed on a rotating axis for 
supplying electrical power which is needed for the 
computer and the A/D converter. The thermocouple 

is mounted on a carriage which could be moved with 
a programmable stepping motor, and are connected 
to a 16 bit A/D converter via a pre-amplifier. This 
yielded a resolution of 0.5”C. The thermocouple is 
moved through the solution with a speed of 20 mm/s 
and data are acquired at 1 kHz. Temperature profiles 
are obtained at intervals of 5 mm in the vertical direc- 
tion. Three thermocouples are installed on the top and 
bottom plates, respectively, to check the non- 
uniformity of the temperature over the entire plates. 

Initially the cylinder is filled with a salt-water solu- 
tion using the standard step method with 30 steps to 
establish the desired initial salinity profiles. It took 
about 2 h to have a linear concentration profile in 
the test section by diffusion. To avoid mixing of the 
solution, the bottom wall is heated after the system is 
spun up. In order to measure concentration, the sam- 

0 Test section 
0 Thermocouple displacement controller 
0 A/D converter @ Computer 
0 Water bath and circulation pump 

0 Decelerator 
8 Inverter 

Fig. 1. View of the total experimental apparatus. 



ple extraction method is used. A minute amount of 
solution is extracted through the hole which has been 
made on the wall at intervals of 5 mm in the vertical 
direction and its refractive indices are read through a 
refractometer. This procedure is repeated several 
times, and the average refractive index is then con- 
verted into the concentration by a conversion chart. 
The deviation of the refractive indices are about 
f2%. 

A shadowgraph <technique is used to obtain the 
development of the initial layer formation. The cavity 
is illuminated by passing a 10 mW H+Ne laser beam 
through a spatial filtf:r assembly and the image picture 
is taken by a camera,. 

The ranges of the parameters covered in the present 
experiments are Le == 100, AT = 5.0-21.1”C, AC = 2- 
8 wt%, fi = O-30 xpm, Ra, = 1.48 x lo’--7.27 x lo’, 
Ra, = 1.10 x 1094.47x 109, Ra, = 1.05 x 104-6.19x 
lo7 and Ta = c1.8;’ x 10’ , . 

3. RESULTS AND DISCUSSION 

3.1. Stationary case 
For the stationary system three types of global flow 

patterns are observed according to the effective Ray- 
leigh number (Ra,)! which is based on the reference 
height r] and represents the relative magnitude of solu- 
tal stratification to the destabilizing bottom heating 
[4]; the stagnant flow regime for Ra, < 1.05 x 104, the 
single mixed layer flow regime for 1.91 x lo4 < 
Ra, < 6.66 x lo5 and the multiple mixed layer flow 
regime for 1.22 x 113~ < Ra,. The local heat flux at 
the top of the first convection layer may be affected 
somewhat by the constraint at the top boundary as 
was shown by Turner et al. [2]. The critical value of 
Ra, here may thus need more validation against the 
tank height and top boundary condition. 

Figure 2 shows global flow patterns for stationary 
case with effective Rayleigh numbers. The stagnant 
flow regime [Fig. 2(a)] is formed when the thermal 
buoyancy is very weak compared with a given solutal 
stratification (Ra, .: 1.05 x 104). There appears no 

motion at all because the destabilizing thermal effect 
is not enough to overcome the stable salt stratification. 
Consequently, the initial concentration distributions 
remain almost unchanged with time and the tem- 
perature profiles are unstably stratified. Compared to 
the BBnard convection generated by only temperature 
difference due to bottom heating, the flow occurs at 
higher temperature difference than in the Benard con- 
vection case due to the additional stable solutal strati- 
fication. 

As the bottom heating increases (1.91 x 
lo4 < Ra, < 6.66 x 105), the stability of the system 
decreases and the thermal buoyancy becomes 
sufficient for generating motion. The thermal bound- 
ary layer develop above the heated surface with some 
thickness while the fluid above the convective mixing 
layer still remains stagnant. This flow regime is called a 
single mixed layer flow regime [Fig. 2(b)]. The mixing 
layer expands with time and the interface separating 
the stable and convecting layer gradually rises up with 
small oscillations. Finally, the whole cavity is filled 
with the convectively mixed single layer. In this case, 
the initial concentration profile remains almost 
unchanged and the temperature variation is linear 
due to conduction in the stagnant layer, while the 
temperature and concentration profiles in the mixed 
layer become uniform due to vigorous fluid motion. 
The conctntration near the interface between the two 
layers is widely changed. 

When the destabilizing thermal effect becomes high 
(1.22 x lo6 < Ra,), a series of mixed layers suc- 
cessively develops ; the first one starting from the bot- 
tom and others above previously formed layers [Fig. 
2(c)]. The formation of the first mixed layer is the 
same as in the case of the single mixed layer flow 
regime. Since heat diffuses more rapidly than salt 
through the top of the layer, thermal boundary layer 
is generated in the lower part of the stagnant region. 
The irregular motion occurs at the bottom of stagnant 
region making the second mixing layer and a new 
convecting layer starts above it. As the flow 
progresses, the second convective layer merges into 

Double-diffusive convection 3389 

(a) (b) (c) 
Fig. 2. Global flow patterns for stationary case with Ra, at t = 60 min: (a) stagnant flow regime 
(Ra, = 1.05 x 104), (b) single mixed layer flow regime (Ra, = 6.66 x lo’), and (c) multiple mixed layer flow 

regime (Ra, = 8.14 x 106). 
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the first mixing layer because the concentration 
difference between the two layers becomes small and 
the second layer loses its thermal buoyancy energy 
faster than that of the first one. After continuous 
formation and merging of layers, only a single mixed 
layer exists at the final stage. In this way an initially 
linear distribution of salinity is well mixed and a con- 
vecting layer nearly uniform in temperature is 
produced. Note that the present temperature profiles 
here is uniform in each layer while it appears S-shaped 
in the case of side wall heating [3-91. It is observed 
that greater temperature differences at the bottom 
cause more layers to appear. 

3.2. Rotating case 
In the rotating system, three rotating rates (10, 20, 

30 rpm) are examined to see the effect of rotation 
in an initially stratified double-diffusive fluid heating 
from below. The evolution of flow patterns are similar 
to those of the stationary case, but the number of 
initial mixing layers, their growth rates and the range 
of Ra, classifying the type of layer formations are 
different. 

Figure 3 shows the classification of three different 
flow regimes at the initial stage according to Ra, and 
Ta. We may ascertain that the flow regimes shift to 
higher Ra, as the rotating effect becomes strong. In 
the case of stagnant flow regime (small destabilizing 
thermal buoyancy compared with stabilizing initial 
solutal buoyancy) the temperature distributions are 
unstably stratified whereas the concentration profiles 
do not change, because the thermal buoyancy cannot 
overcome the initial solutal buoyancy. It can be 
observed in Fig. 3 that the ranges of stagnant flow 
regimes are Ra, < 1.05 x IO4 for Ta = 0, 
Ra, < 4.45 x lo4 for Ta = 2.02 x lo’, Ra, < 6.73 x IO4 
for Ta = 8.07 x lo7 and Ra, < 1.30 x lo5 for 
Tu = 1.82 x 108, respectively. 

0 STAGNANT FLOW REGIME 
A SINGLE MIXED LAYER FLOW REGIME 
0 MULTIPLE MIXED LAYER FLOW REGlME 

Ta) ; 

i I 

I 

10' 101 
:, 

10' 10' 

Fig. 3. Flow patterns depending on Ra, and Ta. 

Figure 4 represents shadowgraph of single mixed 
layer for various Taylor numbers at an early stage of 
the experiment (t = 7 min). Irregular flows caused by 
an increasing thermal buoyancy force generates mixed 
layers as mentioned in the stationary case. However, 
the strength of flow is weakened as rotating rates 
increase because the flow in an axial direction is 
inhibited by the rotating effect. As shown in Fig. 4, 
the fluctuation of interface wanes and the growth rate 
of the mixed layer is retarded with increasing rotation 
of the system. The ranges of single mixed layer flow 
regimes are 1.91 x IO4 < Ra, < 6.66 x lo5 at Ta = 0, 
4.66 x lo4 < Ra, < 1.22 x lo6 for Ta = 2.02 x 107, 
7.51 x IO4 < Ra, < 9.10 x IO6 for Tu = 8.07 x IO7 and 
1.99 x 10’ < Ra, < 2.97 x lo7 for Tu = 1.82 x 108, 
respectively. Figure 5 represents a typical vertical tem- 
perature and concentration profiles for single mixed 
layer flow regime at the core of cavity. Due to vigorous 
fluid motion in convecting layer, the temperature and 
concentration distributions become uniform. In the 
stagnant region, the linear temperature profiles reveal 
diffusion dominating mode of heat transfer and the 
initial concentration profiles remain almost unchanged. 
As the experiment progresses, the interface between 
the two regions moves upwards with time. 

Shadowgraphs of mixed layer formation which 
have the same effective Rayleigh number, but different 
Taylor numbers, are shown in Fig. 6. We can see that 
the number of layers in the rotating case decreases as 
Taylor number increases for the same effective Ray- 
leigh number at the initial stage (Fig. 6 at t = 40 min). 
There exist multi-layers at an early stage [Fig. 6(a) and 
(b) at t = 40 min]. The occurrence and development 
mechanism of the multiple mixed layer in the rotating 
cavity is the same as that in the stationary case. This 
phenomena occurs as the thermal boundary layer 
developing near the bottom becomes unstable and 
generates irregular flows due to heat transfer through 
the bottom of the cavity as the bottom temperature 
difference increases. This flow causes the interface to 
highly contort and irregularly fluctuate. The irregular 
fluctuation of interface engulfs a small amount of fluid 
in the stagnant region into a mixed layer while making 
the concentration difference near the interface smaller 
and then fluids of the stagnant region near the inter- 
face mixes with that of the mixed layer [21]. 

Through this process, the mixed layer gradually 
expands and the second layer appears above the first 
layer due to fast diffusion of heat through the inter- 
face. This mechanism reduces and eventually causes 
the decay of stagnant region. The reduction of con- 
centration difference between two convecting layers 
causes the strength of the flow to weaken in each layer 
and it eventually makes two layers merge into one. The 
shape of the interface is nearly flat and the fluctuation 
almost disappears at that time and the newly formed 
single layer expands very slowly [Fig. 6(a) and (b) at 
t = 220 min]. When Taylor number is 1.82 x 10’ with 
the same effective Rayleigh number, the single mixed 
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(b) Ta=2.02x107 (c) Ta=8.07x107 

Fig. 4. Shadowgraphs of single mixed layer flow with Ta at t = 7 rnin: Rq, = 8.14 x 106. 
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Fig. 5. Vertical temperature and concentration profiles at the 
core for single mixed layer flow regime: Ra, = 6.66 x lo’, 

and Ta = 2.02 x IO’. 

layer flow is directly formed [Fig. 6(c)]. As the rotating 
rate increases, the relative importance of the rotation 
should be important and this leads to the weakening 
of the convective activity, driven by the bottom heat- 
ing. In consequence, multiple mixed layer flow regime 
can be observed in higher Ra, as the rotating effect 
becomes ,strong. The regions of multiple mixed layers 
are observed at Ru,, > 1.22 x lo6 for Ta = 0, 
Ra, > 1.32 x lo6 for Ta = 2.01 x lo’, Ra, > 1.73 x 10’ 
for Ta = 8.07 x 10’ and Ra, > 6.19 x 10’ for 
Tu = 1.82 x lo’, respectively. The interface’s incli- 
nation in the temperature and concentration profile 
was not observed in the experiment though we care- 
fully checked it. However, it was observed in our 
ongoing experiment which is in the case of lateral 
heating in a solute-stratified fluids. In such an exper- 
iment, it became steeper as the rotating speed 
increases. 

Figure 7 represents a typical vertical temperature 
and concentration profiles at the core of cavity for 
multiple mixed layer flow regime. The temperature 
and concentration distributions in the mixed layer are 
uniform by convective mixing. In the stagnant region, 
temperature distributions become unstably stratified 
while the concentration profiles are maintained with 
initially stratified distributions like other cases. At the 
interface, concentration varies rapidly and tem- 
perature varies smoothly owing to the difference of 
diffusivities of salt and heat. Two layers, initially 
formed, are merged into one at about 200 min. 

Figure 8 represents the growth height of mixed layer 
with time in a single mixed layer flow regime. As 
shown in Fig. 8(a), the height of mixed layer is 
increased when Ra, becomes large. The interface of 
initial mixed layer moves up quickly within 50 min and 
then grows slowly thereafter. Since the temperature 
gradient is suddenly imposed at the bottom of the 
cavity, the irregular fluctuation of the interface at the 
early stage is induced (Fig. 6 at t = 40 min). As much 
time has passed, the shape of the interface is nearly 
flat and the development of mixed layer becomes very 
slow because a mixed layer is developed by diffusion of 
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Fig. 8. Height of single mixed layer with time: (a) 

Tu = 2.02 x lo’, and (b) Ra, = 4.36 x 10’. 

concentration through the interface (Fig. 6 at t = 60 
min). Figure 8(b) shows the growth rate of convecting 
layer according to variation of Taylor numbers for 
Ra, = 6.19 x 107. As the Taylor number is increased 
(rotating effect becomes strong), the height of mixed 
layer is reduced as mentioned before. 

4. CONCLUDING REMARKS 

This paper represents the evolution of the double 
diffusive convection of an initially stratified salt-water 
solution within a rotating cylindrical cavity of aspect 
ratio 1.0 due to heating from below. The type of 
initially formed flow pattern is classified into three 
cases depending on the effective Rayleigh number and 
Taylor number: stagnant flow regime, single mixed 
layer flow regime and multiple mixed layer flow 
regime. When the rotating rate increases the relative 
influence of the rotation becomes so important that 
the convective activity, induced by heating from 
below, weakens. In consequence, the number of layers 
in the rotating case is less than that of the stationary 
case for the same Ieffective Rayleigh number and the 
thickness of the mixing layer decreases with increasing 
rotation. The temperature and concentration profiles 
are both uniform in each convecting layer due to vig- 
orous fluid convective motion and they are linear for 

the stagnant region in the case of rotating as well as 
in the stationary cases. 
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